and XRD data ( Supplementary Fig. 4 ). We found some unreacted olivine and opx mineral grains in the rock residue. In contrast to the olivine experiments, serpentine, saponite, and talc coexist in the matrix of the rock residue, although there are variations in Mg, Si, and Al contents in the coexistent mixtures (Supplementary Table 4 ). Some of the unreacted opx crystals contain ~2-3 wt.% of Al 2 O 3 (we term these "Al-bearing opx", and a typical chemical composition is shown in Supplementary 
Supplementary Note 1
The time variations in dissolved elements and gas species (∑CO 2 , H 2 , ƩNH 3 , Mg, Fe, Si (=ƩSiO 2 ), Na, K, Ca, and Al in mmol/kg H 2 O), pH at room temperature, and calculated in-situ pH at the termination of the experiments are summarized in Supplementary Table 2 and 3.
The variations in dissolved gas species in the opx and olivine experiments are shown in Fig. 1 and Supplementary Fig. 2 . Compared with the results of the olivine experiment at 300°C (Fig. 1), H 2 concentration was low and increased abruptly and intermittently in the olivine experiment at 200°C
( Supplementary Fig. 2b ), as reported in the previous experiments 3 . According to the previous study 3 , this is caused by less production of magnetite at 200°C, which is consistent with the mineralogical analyses of the rock residues by the present study (see Supplementary Fig. 4 ). At 200°C, serpentine contained relatively high contents of ferric and ferrous Fe as reported previously 3 .
In the present study, the levels of CH 4 in fluid samples were at nearly constant throughout the experiments, ~0.01 mmol/kg. However, the proportion of 13 C in CH 4 in fluid samples remained within the range of the natural isotopic ratio, indicative of no evidence of CH 4 formation from dissolved CO 2 (CH 4 production <~5 μmol/kg). The CH 4 dissolved in the fluids were probably originated from dissociation of contaminated organic matter under high-temperature and high-pressure conditions.
The results of gas analyses showed that gaseous N 2 with ~0.1 mmol/kg were contained in the sampling vials; nonetheless, the proportion of 2 and Table 2 ). Small decreases in NH 3 concentrations from the initial values may be caused by the incorporation of NH 4 + in a smectite, such as saponite.
Although we cannot conclude whether catalytic reactions proceed in Enceladus at this stage, we consider that catalytic reactions would not have been sufficiently efficient to convert all of primordial CO 2 into CH 4 in Enceladus. More laboratory experiments using metallic alloys are required in the future to draw more realistic view of chemical evolution of primordial volatiles in Enceladus and other icy moons. Supplementary Fig. 3 shows the variations in major elements in the fluid samples for the opx and olivine experiments. These results indicate that the abundances of dissolved element reached steady states within several months of reaction time. The reason for the gradual decreases in ƩSiO 2 in the experiment would be caused by a change in the buffer system in association with the slow formation of alteration minerals, such as serpentine, brucite, and saponite/talc at lower temperatures.
